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76 The Journal of Thoracic and Cardiobjectives: To determine whether delayed-enhancement magnetic resonance imag-
ng can identify fibrous tissue associated with patch reconstructions in postoperative
atients with congenital heart disease. Additionally, to determine whether fibrous
tructures not directly related to the surgical reconstruction exhibited delayed
nhancement.
ethods: Seventy-three patients underwent magnetic resonance imaging. Studies
ere retrospectively reviewed for the presence of delayed enhancement along the
entricular outflow tracts, cardiac valves, and where available, the ascending aorta.
hree groups were identified. Group A patients (n 34) underwent right ventricular
utflow tract reconstruction and ventricular septal defect patch closure. Group B
atients (n  33) had never undergone cardiac surgery. Group C patients (n  6)
ad functional single ventricle and underwent Norwood reconstruction.
esults: In group A, 31 of 34 patients had delayed enhancement of the right
entricular outflow tract, and 14 of 34 had delayed enhancement of the ventricular
eptal defect patch (P  .001). In group B (n  33), 1 patient with arrhythmogenic
ight ventricular dysplasia had delayed enhancement limited to the right ventricular
utflow tract. The remainder had no delayed enhancement of either outflow tract.
elayed enhancement of the aortic valve and ascending aorta was observed in 13 of
4 (P .002) and 10 of 26 (P .05) group A patients, respectively, compared with
of 33 and 3 of 24 group B patients. In group C, delayed enhancement of the
orwood reconstruction was observed in 5 of 6 patients (P  .002).
onclusions: Delayed-enhancement imaging detects fibrous tissue along regions of
econstruction in patients who have had surgery for congenital heart disease.
urthermore, delayed-enhancement imaging detects fibrous tissue in regions not
irectly related to the reconstructive surgery, including cardiac valves and the wall
f the ascending aorta.
atients with congenital heart defects such as tetralogy of Fallot (TOF) may
require surgical intervention involving reconstruction of the right ventricular
outflow tract (RVOT) and patch closure of a ventricular septal defect (VSD).
econstruction of the RVOT is typically performed with cryopreserved homograft
issue as a transannular patch or a valved conduit.1,2 VSD patches are most
ommonly composed of artificial materials such as polytetrafluoroethylene or Da-
ron.2,3 Histologic evidence of fibrous tissue formation has been observed on the
urface of homograft and artificial patch material in animal models4,5 and humans.6,7
Delayed-enhancement (DE) magnetic resonance (MR) imaging can identify
yocardial fibrosis.8-11 DE occurs after intravenous administration of a gadolinium
helate, which primarily remains in the interstitial space. The proposed mechanisms
nvolve delayed contrast washout and an increased volume of distribution present in
brous tissue.12-14
vascular Surgery ● March 2007
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DWe hypothesized that DE should occur in regions di-
ectly associated with the surgical reconstruction where
brous tissue formation occurs. Recently, DE of the RVOT
nd in the region of VSD repair was reported in adults with
OF.15,16 Our study differs in that it specifically investi-
ated the pediatric population, in whom fibrous tissue may
ot have had the time to form. In addition, fibrous tissue
ormation in children may affect the surgical reconstruction
ifferently than in adults, because the patients and their
earts continue to grow. Moreover, recent studies have
hown that fibrous tissue is found within the aortic sinuses
nd the wall of the ascending aorta in patients with TOF,
roviding a possible mechanism for TOF aortopathy.17
herefore, we expanded our DE MR study to determine
hether fibrous tissue could be identified in regions not
irectly involved in the reconstructive surgical repair, such
s in heart valves and within the wall of the ascending aorta.
inally, in this study, we confirmed our findings using a
ontrol population of patients who had never undergone
ardiovascular surgery.
aterials and Methods
atient Population
e conducted a retrospective review of all pediatric DE MR
tudies performed at The Children’s Hospital of Philadelphia be-
ween October 2003 and August 2005. Inclusion criteria required
atients to be under age 21 years and to have a DE MR study
overing the ventricular outflow tracts. All included studies were
atisfactory for interpretation without significant artifact. Two
tudies were excluded owing to poor image quality. Three groups
ere identified. Group A patients (n  34) had conotruncal anom-
lies and underwent both reconstruction of the RVOT and patch
losure of a VSD. The mean age at the time of the patients’ most
ecent surgical reconstruction was 1.6  2.7 years. The time
etween surgery and the MR study was 8.9  5.5 years (Table E1).
roup B patients (n  33) had never undergone cardiovascular
urgery. Fifteen of these patients had congenital heart disease, 7
ad acquired heart disease, and 11 had no evidence of cardiovas-
ular disease confirmed by cardiac MR (Table E2). Group C
atients (n  6) had functional single ventricle and underwent
orwood aortic reconstruction with homograft patch (Table E3).
ll remaining MR studies that did not fall into one of these three
ategories were excluded. Group A ages ranged from 10 months to
Abbreviations and Acronyms
DE  delayed enhancement
FLASH fast low-angle shot
MR magnetic resonance
RVOT  right ventricular outflow tract
SSFP  steady-state free precession
TOF  tetralogy of Fallot
VSD  ventricular septal defect0 years (mean 10.6  5.2 years), group B ages ranged from 10 1
The Journal of Thoracicays to 20 years (mean 11.5 6.7 years), and group C patient ages
anged from 2 to 18 years (mean 7.9  7.4 years). The local
nstitutional review board approved this retrospective study.
ardiovascular MR
tudies were performed on 1.5-T Siemens Sonata or Avanto sys-
ems (Siemens Medical Solutions, Malvern, Pa). Group A patients’
ssessments routinely included evaluation of the RVOT and pul-
onary artery architecture, as well as quantification of right ven-
ricular volume, function, and pulmonary regurgitation. Group B
atients presented most commonly for assessment of ventricular
unction. Studies were retrospectively reviewed for the presence of
elayed gadolinium enhancement in the region of the ventricular
utflow tracts, valve leaflets, and the ascending aorta.
Patients under 7 years of age were typically sedated for the MR
tudy with pentobarbital, and midazolam, except for infants under
ge 1, who received chloral hydrate. No complications were
bserved.
Approximately 10 minutes after the administration of gado-
entetate dimeglumine, (0.4 mmol/kg), and with the appropriate
nversion time to achieve myocardial nulling, DE imaging was
xecuted in the same long- and short-axis planes that were used for
ine imaging. Comparison of the cine and DE images distin-
uished DE from other potential causes of bright signal, such as
ericardial fat or fluid. DE studies consisted of steady-state free
recession (SSFP) or fast low-angle shot (FLASH) inversion re-
overy sequence with and without phase-sensitive inversion recov-
ry. Typical SSFP parameters were repetition time 10% of R-R
nterval, echo time 1.3 ms, inversion time 300 ms, flip angle 45°,
egments 65, and voxel size 1.8  1.3  8.0 mm. Typical FLASH
arameters were repetition time 10% of R-R interval, echo time
.4 ms, inversion time 260 ms, flip angle 30°, segments 25, and
oxel size 1.7 1.3 8.0 mm. Infant studies included single-shot
cquisition, two averages, and thinner slices (5.0 – 6.0 mm).
roup A studies were reviewed for the presence or absence of
E of the RVOT patch/conduit, VSD patch, valve leaflets, and
here available, the ascending aorta. Group B studies served as
ontrols. Group C studies were reviewed for DE of the aortic
econstruction.
tatistical Analysis
ata are expressed as mean and SD range as appropriate. The
isher exact test was performed as appropriate.
esults
VOT and VSD Patch
n group A (n  34), DE of the RVOT reconstruction
ccurred in 31 (91%) patients compared with 1 (3.0%) of 33
atients without surgery (group B) (P  .001) (Figure 1;
able 4). One patient, with the diagnosis of double-cham-
ered right ventricle, underwent subpulmonary resection
nd VSD closure without homograft patching and still had
E in the region of the RVOT. The only group B patient to
xhibit DE of the RVOT had arrythmogenic right ventric-
lar dysplasia.
In group A (n  34), DE of the VSD patch occurred in
4 (41%) of 34 patients, compared with 0 of 33 group B
and Cardiovascular Surgery ● Volume 133, Number 3 677
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Datients (P  .001) (Figures 1 and 2; Table 4). Fifteen
79%) of the 19 patients who underwent right ventricle–
ulmonary artery conduit placement had at least qualita-
ively moderate obstruction in the region of the DE. Of the
group A patients who did not have DE of the RVOT, only
had a conduit, and the conduit was unobstructed. In group
, the mean right ventricular ejection fraction was 61% 
%. The mean pulmonary regurgitant fraction was 30% 
6%.
ardiac Valves
E of the aortic valve occurred in 13 of 34 group A patients
ersus 2 of 31 group B patients (38% vs 7%; P .002)
Figures 2 and 3; Table 4). DE of the mitral valve occurred
n 22 (65.0%) of 34 group A patients and 14 (42%) of 33
roup B patients (P .088) (Figures 1 and 3; Table 4). DE of
he tricuspid valve occurred in 25 (74%) of 34 group A patients
ersus 17 (52%) of 33 group B patients (P  .080) ( Figure 4B;
able 4).
In group A, DE of the mitral (22/34, 65.0%; P  .004)
nd tricuspid valves (25/34, 74%; P  .03) occurred more
requently than DE of the aortic valve (13/34, 38%). In
roup B, DE of the mitral (14/33, 42%; P  .001) and
ricuspid valves (17/33, 51%; P  .001) occurred more
requently than DE of the aortic valve (2/33, 7%). The
ulmonary and conduit valves were rarely observed and
herefore no comparison was possible.
E of the Ascending Aorta
E of the ascending aorta was observed in 10 (38%) of 26
roup A patients and 3 (13%) of 24 group B patients (P 
03) (Figure 3; Table 4). The ascending aorta was not
Figure 1. A 3-year-old girl after repair
of truncus arteriosus at 1 week of age.
A, Right ventricular outflow tract view,
steady-state free precession (SSFP)
cine image, and the corresponding
SSFP phase sensitive inversion recov-
ery image (B). Note the prominent de-
layed enhancement along the anterior
wall of the right ventricular–pulmonary
artery conduit (open arrows) and the
ventricular septal defect patch (long
solid arrow). Also, note delayed en-
hancement of the truncal (dashed ar-
row) and mitral valves (arrowheads).igure 2. A 16-year-old boy after tetralogy of Fallot repair in
nfancy. Delayed enhancement of the aortic valve (dashed arrow)bserved in 8 group A patients and 9 group B patients.
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DE of Homograft Reconstruction of the Aorta
ive (83%) of 6 Norwood reconstructions compared with 3
13%) of 24 group B patients showed DE (P  .002).
tructurally Abnormal Valves
n group A, 2 of the 5 patients with truncus arteriosus had
E of the truncal valve (Figure 1). In group B, there were
patients with bicuspid aortic valve. Of these, only 1 (14%)
xhibited DE of the aortic valve and the ascending aorta.
he remaining 6 had no DE of either the aortic valve or the
scending aorta. In group B, there was 1 patient with Eb-
tein anomaly who showed DE of the septal leaflet of the
ricuspid valve (Figure E1, A, and E1, B).
iscussion
his cardiac MR study demonstrates that after intravenous
dministration of gadopentetate dimeglumine, DE is readilyThe Journal of Thoracicbserved on homograft patches/conduits and VSD patches.
his study extends the recent findings in adult TOF pa-
ients15,16 to the pediatric population. In addition, our find-
ngs of DE MR are validated through comparing them with
n age-matched control population (group B, n  33) that
ever underwent cardiovascular surgery.
We studied younger patients to stress that fibrous tissue
eposition is significant enough to image even among in-
ants, children, and young adults. During these early post-
perative years, patients generally do not exhibit right ven-
ricular dysfunction from chronic valvular or conduit
ncompetence and the resultant volume overload. Our find-
ngs of frequent DE along RVOT reconstructions (31/34,
1%) occur in the context of a preserved mean right ven-
ricular ejection fraction (61%  9%). This is in contrast to
he adult TOF patient studies,15,16 which reported signifi-
Figure 3. An 8-year-old girl after tetral-
ogy of Fallot repair. A, Cine image of
the ascending aorta (solid arrows), and
the aortic (dashed arrows) and tricus-
pid (arrowheads) valves. B, Corre-
sponding delayed enhancement image.
Note the delayed enhancement of the
ascending aorta, as well as the aortic
and tricuspid valves. These structures
exhibit delayed enhancement, even
though they were not directly involved
in the surgical reconstruction.
Figure 4. A 2-year-old patient after
Norwood aortic reconstruction and
Fontan operation for hypoplastic left
heart syndrome. A, Note the delayed
enhancement along the anterior (white
arrows) and posterior walls (black ar-
rows) of the Norwood reconstruction.
B, Delayed enhancement confirmed in
the coronal view. Interestingly, the tri-
cuspid valve (black arrows) and the
lateral wall of the lateral-tunnel Fon-
tan (open arrows) also exhibit delayed
enhancement. LV, Left ventricle; RV,
right ventricle; TV, tricuspid valve.and Cardiovascular Surgery ● Volume 133, Number 3 679
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Dantly lower right ventricular ejection fractions in the pop-
lations that had DE. The differences in right ventricular
unction between the two studies suggest that the impact of
E differs between the pediatric and adult populations.
Identifying fibrous material in the pediatric context may
e important, because the fibrosis may contribute to RVOT
bstruction in the form of a fibrous peel within a conduit.
early half of our surgically treated patients had at least
ualitatively moderate-range conduit stenosis. Conduit ob-
truction is not an uncommon finding in the pediatric pop-
lation because patients outgrow conduits placed in infancy.
It is unclear why DE of the RVOT homograft reconstruc-
ion was more common than DE of the artificial VSD patch
91% vs 41%). It is possible that the original homograft
ollagenous skeleton provides the framework for fibrous
issue deposition through immune-mediated responses of
he host to the donor tissue endothelial surface proteins, as
as been postulated for cryopreserved homograft valve im-
lant failure.7 Similar to RVOT homograft patch recon-
tructions, it is understandable that DE of Norwood ho-
ograft reconstructions is common when compared with
ormal aortas.
Interestingly, we observed that even structures not di-
ectly involved in the surgical repair may exhibit DE. For
nstance, patients with repaired conotruncal anomalies with-
ut homograft reconstruction of the ascending aorta exhib-
ted DE of the ascending aorta more frequently than the
ontrol population (41% vs 13%; P  .05). DE of the aortic
all unrelated to surgical reconstruction has been reported
n Takayasu arteritis,18 which is thought to result from
ortic wall inflammation. Furthermore, DE of the aortic
alve occurred more commonly in the group with repaired
onotruncal anomalies than in the control group (37% vs
%; P .01). Dilation of the aortic root and ascending aorta
requently occurs in patients with TOF. Recently, the his-
ologic basis of TOF aortopathy in infants and adults was
escribed by Tan and associates.17 The findings included
brosis, cystic medial necrosis, elastic fragmentation, and
lastic lamellae disruption involving the aorta and the aortic
inuses. We speculate that these abnormal histologic find-
ngs could result in impaired gadolinium washout kinetics
nd provide a possible explanation for our observation of
E of aortas and aortic valve cusps in patients with
onotruncal anomalies. Tan and colleagues17 also found
arlier onset of elastin fragmentation and elastin lamellae
isruption of the aortic root and ascending aorta in patients
ith TOF in contrast to those with a bicuspid aortic valve.
lthough not statistically significant, we found a trend
mong our pediatric study population showing that patients
ith repaired conotruncal anomalies exhibited DE of the
ortic valve (14/34) and ascending aorta (10/26) more often
han do patients with a bicuspid aortic valve (1/7). Never-
heless, it is possible that the fibrous tissue identified in the t
80 The Journal of Thoracic and Cardiovascular Surgery ● Marcscending aorta could be related to a previous cannulation
ite or aortic crossclamping. However, the degree of DE
bserved was diffuse and not discrete and, therefore, would
ess likely be thought to result from aortic cannulation or
rossclamping. Finally, though it had not previously been
eported, we are reassured that our findings of DE of valve
issue are valid, inasmuch as it is present on DE images
erformed at other institutions.19
Though metabolically active, cardiac valves have been
hought to be relatively avascular structures, possessing few
apillaries proximally, receiving their blood supply primar-
ly via diffusion.20 Weind, Ellis, and Boughner21 demon-
trated the existence of a more extensive vasculature than
reviously thought in the aortic valve of swine and sug-
ested that cryopreserved homograft implants fail owing to
he absence of this functioning vasculature. It is interesting
hat in our study atrioventricular valves exhibit DE more
requently than aortic valves, in both the repaired conotrun-
al and control groups. Though the reason for this finding is
nclear, it suggests that different contrast washout kinetics
perate between atrioventricular and semilunar valves. It is
lso interesting that the tricuspid valve was frequently en-
anced in both the surgical and control groups (74% vs
2%), without statistical difference. Inasmuch as the DE
as not confined to the septal leaflet of the tricuspid valve,
ne can reasonably consider that tricuspid valve DE is a
roperty of its contrast washout kinetics and not the result of
SD closure.
tudy Limitations
reoperative cardiac MR studies were not available in any
f our patients with conotruncal anomalies (group A). These
ata would be useful in further confirming the presence and
xtent of DE associated with surgical reconstructions. In
ddition, preoperative MR studies might clarify whether the
ncreased frequency of DE of the aortic valve and ascending
orta in patients with repaired conotruncal anomalies was a
esult of the native disease or, in part, related to the post-
perative state.
onclusions
n conclusion, DE MR imaging identifies fibrous tissue
ssociated with surgical patch reconstructions in pediatric
atients undergoing surgery for congenital heart disease. In
ddition, DE imaging also identifies fibrous structures not
irectly involved in the surgical repair, such as the ascend-
ng aortas of patients with conotruncal anomalies and in
ardiac valves. We believe that this imaging technique will
rove useful in the assessment of fibrous tissue formation
ssociated with congenital heart disease and its evolving
reatments.
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ata—after Norwood reconstruction
roup C characteristics
6
ale 3 50%
ge at MRI (y) 7.9 (7.4)
ge at Norwood 2-40 days
LHS 5 83%
ILV 1 17%
ILV, Double-inlet left ventricle; HLHS, hypoplastic left heart syndrome;ABLE E1. Group A patient characteristics and clinical
ata—after conotruncal surgery
roup A characteristics
34
ale 22 66%
ge at MRI (y) 10.6 (5.2)
ge at operation (y) 1.6 (2.7)
ime between operation and
MRI (y)
8.9 (5.5)
onduit 19 56%
ransannular patch 15 44%
entricular septal defect patch 34 100%
onduit stenosis 15 44% (of total)
79% (of conduits)
ype of congenital heart disease
Tetralogy of Fallot 27 79%
Truncus arteriosus 5 15%
Transposition of the great
vessels
1 3%
Double-outlet right ventricle 1 3%
hysiology
Right ventricular ejection
fraction (%)
61 (9)
Pulmonary regurgitant fraction
(%)
30 (16)RI, magnetic resonance imaging.
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Harris et al Surgery for Congenital Heart DiseaseABLE E2. Group B patient characteristics and clinical
ata—patients not treated surgically
roup B characteristics
33
ale 19 58%
ge at MRI (y) 11.5 (6.7)
ongenital heart disease 15 46%
cquired heart disease 7 21%
o heart disease 11 33%RI, Magnetic resonance imaging.
CH
DABLE E4. Delayed enhancement differences between groups
Group A (n  34): Conotruncal
anomaly Group B (n  33): No surgery P value Group C (n  6): Norwood
VOT 31 91% 0 .01 n/a
SD patch/LVOT 14 41% 0 .01 n/a
ortic valve 13 38% 2 6% .01 n/a
ricuspid 25 74% 17 52% .08 n/a
itral 22 65% 14 42% .09 n/a
AO/Norwood 10 38% (n 26)* 3 13% (n 24)* .05 5 83% P  .01
AO, Ascending aorta; LVOT, left ventricular outflow tract; n/a, not available; RVOT, right ventricular outflow tract; VSD, ventricular septal defect.
Retrospective delayed enhancement assessment was not possible in 8 group A and 9 group B patients because the ascending aorta was not imaged.Figure E1. A 19-year-old patient born with Ebstein anomaly of the tricuspid valve. A, Cine image demonstrates the
dilated atrialized portion of the right ventricle. Arrows point to the region where the rudimentary septal leaflet
resides. B, The corresponding delayed enhancement image highlights the rudimentary septal leaflet.The Journal of Thoracic and Cardiovascular Surgery ● Volume 133, Number 3 681.e2
